The NOR (nitric oxide reductase) from Paracoccus denitrificans catalyses the two-electron reduction of NO to N 2 O (2NO + 2H + + 2e − → N 2 O + H 2 O). The NOR is a divergent member of the superfamily of haemcopper oxidases, oxygen-reducing enzymes which couple the reduction of oxygen with translocation of protons across the membrane. In contrast, reduction of NO catalysed by NOR is non-electrogenic which, since electrons are supplied from the periplasmic side of the membrane, implies that the protons needed for NO reduction are also taken from the periplasm. Thus NOR must contain a proton-transfer pathway leading from the periplasmic side of the membrane into the catalytic site. The proton pathway has not been identified, and the mechanism and timing of proton transfer during NO reduction is unknown. To address these questions, we have studied the reaction between NOR and the chemically less reactive oxidant O 2 [Flock, Watmough andÄdelroth (2005) Biochemistry 44, 10711-10719]. When fully reduced NOR reacts with O 2 , proton-coupled electron transfer occurs in a reaction that is rate-limited by internal proton transfer from a group with a pK a of 6.6. This group is presumably an amino acid residue close to the active site that acts as a proton donor also during NO reduction. The results are discussed in the framework of a structural model that identifies possible candidates for the proton donor as well as for the proton-transfer pathway.
Introduction
Bacterial NORs (nitric oxide reductases) are integral membrane proteins that catalyse the reduction of NO to N 2 O (eqn 1) as part of the denitrification process:
The largest subunit in the NORs was shown by sequence similarity to be a divergent member of the superfamily of O 2 -reducing HCuOs (haem-copper oxidases), which are characterized by having a catalytic subunit with six invariant histidine residues at the same predicted positions in 12 transmembrane helices [1, 2] . Two of these histidine residues coordinate a low-spin haem, one co-ordinates a high-spin haem and the remaining three histidine residues co-ordinate a copper ion (hence the name), which in the NORs is replaced by a non-haem iron [3, 4] . The purified NOR from Paracoccus denitrificans contains two subunits: NorB and NorC. NorB is the catalytic subunit harbouring the low-spin haem b, the high-spin haem b 3 , and the non-haem iron, Fe B , where the latter two form a binuclear centre which is the site of NO reduction. NorC is a membrane-anchored protein harbouring a haem c, and is presumably the site of electron entry from the water-soluble electron donor.
In the HCuOs, the reduction of oxygen to water (eqn 2) is coupled with the generation of an electrochemical proton gradient across the membrane. This is done by exclusively using protons from the 'inside' (bacterial cytoplasm) for water Key words: electron transfer, haem-copper oxidase, nitric oxide reductase, Paracoccus denitrificans, proton-transfer pathway.
Abbreviations used: HCuO, haem-copper oxidase; NOR, nitric oxide reductase. 1 To whom correspondence should be addressed (email piaa@dbb.su.se).
formation, and in addition, for each electron transferred to oxygen, one proton is pumped across the membrane (eqn 2).
In contrast, available data indicate that NO reduction by NOR is non-electrogenic [5, 6] , i.e. not coupled with charge translocation across the membrane, despite the free energy available from NO reduction (E 0 = +1.2 V) being even larger than that from O 2 reduction (E 0 = +0.8 V). As electrons are supplied by soluble donors from the periplasmic side of the membrane, the lack of electrogenicity in NOR implies that the protons needed for NO reduction (see eqn 1) are also taken from the periplasm. This means that NOR must contain a proton-transfer pathway leading from the periplasmic side of the membrane into the catalytic site, which is buried in the lipid bilayer. In order to study the mechanism of proton transfer into the active site in NOR, we have used the capability of NOR to use O 2 instead of NO as the oxidant [7, 8] in combination with the 'flow-flash' technique [9] . Because of the chemical protoncoupled side-reactions of NO in water [6] , O 2 is a more suitable oxidant for direct measurements of proton uptake. In the flow-flash technique [10] , fully reduced CO-bound NOR is mixed rapidly with an oxygenated solution. Then, a short laser flash breaks the haem b 3 Fe-CO bond and the binding of dioxygen and its subsequent stepwise reduction by electron and proton transfer into the active site is followed by time-resolved optical spectroscopy. Our results identified an internal group in the vicinity of the active site that acts as a proton shuttle during catalysis. In this review, possible candidates for this group and a putative proton-transfer pathway from the periplasm into the active site are discussed in the framework of a structural model. into the active site in NOR during oxygen reduction (data from [9] ) The inset is a schematic representation of the modelled process (see text): (1) a proton is transferred from the internal donor AH to the b 3 -Fe B active site, followed by (2) reprotonation of A − from the bulk solution, coupled with transfer of electrons from haems c and b into the active site. Shown also is a fit of the data to the model giving a rate constant for the internal transfer from AH, k max = 250 s −1 , and a pK a for AH (pK AH ) of 6.6.
Proton uptake to the active site in NOR
Because NOR harbours four redox-active cofactors, in its fully reduced form NOR is capable of completely reducing O 2 to H 2 O. In the flow-flash reaction between fully reduced NOR and O 2 , we observed two major kinetic phases (range 1 µs-0.3 s) [9] . The rapid (τ = 40 µs) phase was assigned to oxygen binding to haem b 3 with a bimolecular rate constant of 2 × 10 7 M −1 · s −1 . The slower phase (τ = 25 ms at pH 7.5) was assigned to proton-coupled electron transfer from the low-spin haems b and c to the active site. This time constant is in the same range as for the kinetic phases assigned to proton uptake (with time constants of ∼2 and 10 ms) in the reaction of fully reduced NOR with NO [6] . In our experiments, we observed proton uptake from solution with the same rate constant (τ = 25 ms at pH ∼7.5), measured using the pH-sensitive dye Phenol Red. The rate constant for this phase saturates at lower pH and decreases at higher pH (see Figure 1) . Saturation of the rate constant at low pH excludes a direct proton transfer from the bulk solution into the active site, and the reaction was instead modelled as a two-step process, where a rate-limiting internal proton transfer from a group AH is followed by rapid reprotonation of A − from the bulk solution (see inset in Figure 1 ). Fitting our data to this model gave a pK a of 6.6 for AH and maximum rate constant for internal proton transfer of 250 s −1 [9] . Proton transfer from the pK a = 6.6 group (AH) that we have identified is likely to be involved in limiting the turnover rate in steady-state NO reduction by NOR since the turn- Shown is the approximate location of the membrane surface, haem b 3 (red), the non-haem iron (orange) and the two functionally important glutamates, Glu 125 and Glu 198 [8] . In addition, three other conserved glutamates and conserved or functionally similar protonatable or polar residues between the Glu 198 and Glu 125 that together with water molecules could constitute the proton-transfer pathway (black arrow) are shown. The picture was made using the VMD software [15] .
over activity is strongly pH-dependent in the range where this residue titrates (pH 6-8) [11] . Interestingly, the turnover activity with NO measured around neutral pH, approx. 40 s −1 [4, 8] , corresponds well to the proton-transfer rate constant (τ = 25 ms, k obs = 40 s −1 ) we observe at pH 7.5.
Internal proton shuttle and proton-transfer pathway in NOR
The pathway for proton transfer from the periplasmic solution into the haem b 3 -Fe B active site in NOR is unknown, but sequence alignments have identified five conserved glutamates in NorB [12] , which may be involved in proton transfer. Figure 2 ). Site-directed mutagenesis studies have shown that Glu 125 and Glu 198 are needed for normal levels of NOR activity [8] .
The identification of group AH (see above) in NOR, specifically involved in shuttling protons between the periplasmic solution and the active site [9] , gives us a 'handle' for further studies on the mechanism and pathway for proton transfer in NOR. Results from preliminary studies of the effect of replacing individual amino acids on the proton-transfer kinetics indicate that a possible candidate for AH is Glu 198 (U. Flock, N.J. Watmough and P.Ädelroth, unpublished work). Proton-transfer pathways in biological systems should consist of hydrogen-bonded chains of protonatable groups and/or bound water molecules (stabilized by polar amino acids) [14] . The area between the surface of the protein at the periplasmic side and the Glu 198 contains a number of conserved or functionally similar protonatable or polar residues, which, together with co-ordinated water molecules, could constitute the proton-transfer pathway (shown in Figure 2 ) in NOR.
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